Introduction
[2] As one of the projects of the EarthScope initiative, the San Andreas Fault Observatory at Depth (SAFOD) involves drilling into a seismogenic section of the San Andreas fault (SAF) in order to study fundamental issues regarding earthquakes and fault mechanics [Hickman et al., 2004] . To image at kilometer-scale the three dimensional (3D) structure of the region around the drill site and to provide wellconstrained locations for drilling into targeted earthquake zones, a temporary seismic array, known as PASO (Parkfield Area Seismic Observatory), was installed around Parkfield (CA) in 2000 [Thurber et al., 2003] (Figure 1c ). Seismic tomography with PASO data showed a strong velocity contrast across the SAF, faster to the southwest and slower to the northeast [e.g., Thurber et al., 2003; Zhang et al., 2009] (Figure 1d ). This velocity contrast reflects differences in elastic properties of geological terrains on either side of the SAF, with the Salinian block southwest of the fault and Franciscan mélange (uncomfortably overlain by unmetamorphosed sedimentary rocks of the Great Valley sequence) to the northeast (Figures 1a and 1b) .
[3] Seismic tomography can, however, only resolve the smooth variations in elastic properties in Earth's interior. To image structure at length scales smaller than what can be resolved tomographically, including elasticity contrasts across faults, one must use the scattered seismic wavefield (for instance, reflections and phase conversions). Inverse scattering has been used to characterize the detailed fault zone structure near the SAFOD site using controlled source data. For example, Kirchhoff prestack depth migration has been applied to data from a $5 km long seismic reflection/ refraction survey known as PSINE, shot in 1998 [Catchings et al., 2002] , to image an active SAF trace to a depth of $1 km [Hole et al., 2001 . Kirchhoff migration of a much longer seismic reflection/refraction line across the SAFOD site (shot in 2003) detected several near-vertical reflectors to a depth of 5 km on both sides of the SAF [Bleibinhaus et al., 2007] . In addition to these active-source experiments, Kirchhoff migration of scattered waves from microearthquakes recorded at borehole sensors in the SAFOD pilot hole detected the SAF at depth, as well as four secondary faults [Chavarria et al., 2003] .
[4] Here, we explore the feasibility of using a generalized Radon transform (GRT) for the passive imaging of nearvertical faults in the shallow part of the crust around the SAFOD site. We use waveform data from 575 microearthquakes recorded at 68 PASO and HRSN network stations ( Figure 1c ) and we evaluate the success of passive source GRT imaging through comparison with results of controlled source depth migration [Bleibinhaus et al., 2007] .
Methodology
[5] The GRT is an inverse scattering method that has been extensively used in exploration seismology [Beylkin, 1985; Miller et al., 1987] . Only recently the method has begun to be applied to passive seismic (that is, earthquake) data for the imaging of Earth's structure at greater depths [e.g., Bostock and Rondenay, 1999; Rondenay et al., 2005; Chambers and Woodhouse, 2006; Wang et al., 2006 Wang et al., , 2008 van der Hilst et al., 2007] .
[6] Assuming single scattering, the medium parameters (stiffness tensor, density) can be decomposed into smooth variations, c 0 , which can be inferred from seismic tomography, and a (non-smooth) perturbation, dc, which contains the discontinuities and other types of scatterers, and which can be estimated with inverse scattering (e.g., GRT). Like-wise, the wavefield u can be decomposed into the part u 0 that is associated with wave propagation in c 0 and du, which is the scattered wavefield due to dc. Figure 2 (bottom) illustrates the scattering geometry around SAFOD that is used for our approach. Consider a wave from a source at x s to a receiver at x r that is scattered at y; signal arriving at a particular time in a single record can be produced by scattering at points y anywhere along an isochron (but not all parts of the isochron contribute equally to the recorded signal, see below). The slowness vector of the ray connecting x s with y (at y) is given by p s (y) and p r (y) denotes the slowness vector of the ray from x r to y. The migration slowness vector, which controls image resolution, is then given by p m (y) = p s (y) + p r (y). Furthermore, q is the scattering angle between p s (y) and p r (y) and y is the azimuth (with respect to north) of the plane through x s , x r , and y.
[7] For specific combinations of scattering angle q and azimuth y, the GRT maps seismograph network data to an image of the target location y (Figure 2) , and different combinations of q and azimuth y yield different images of the same structure. These multiple images in the angle domain, also known as common image-point gathers I(y; q, y), or IGs, represent the data redundancy that allows inverse scattering to resolve structures at spatial scales smaller than the Fresnel zones of the associated waves. After Wang et al. [2006] we write
where e u (1) (x s , x r , y) represents the singly scattered waveform data transformed to x s , x r , y space, W(x s , x r , y) is a taper window, and p m (y) the migration slowness vector defined above. W(x s , x r , y) restricts the structural sensitivity of the data to the part of the isochron (which can be viewed as the sensitivity kernel of the imaging operator) in the neighborhood of the specular reflection. The taper window
where D is a pre-selected distance that is related to the frequency bands and structure scales (D = 1 km in this study) and d is the distance from the image point y to the middle plane between the source and the receiver (Figure 2 ). We note that equation (1) is different from the formulation used by Wang et al. [2006] in that the simple taper replaces the weights associated with source radiation. The radiation effect is similar for all events, because most microearthquakes around SAFOD have the same focal mechanism (strike-slip on vertical planes) [Thurber et al., 2006] , and, therefore, not accounted for in this application.
[8] The common image-point gathers I(y; q, y) reveal multi-scale variations in elastic properties. Any (local) reflector should show up at (or close to) the same position for each processed angle q and y provided an adequate 3D background velocity c 0 . However, we integrate over scattering azimuth y, that is, I(y; q, y) ! I(y; q), in order to enhance signal to noise in view of uneven angle coverage and data noise. Finally, a structural image at y is obtained through integrating over scattering angle q, that is, I(y; q) ! I(y).
[9] To obtain the weight factor jp m (y)j we first calculate travel times for each source, image, and receiver point (using a finite-difference scheme -see below) and then calculate the travel time gradients at image points y: for the wave from the source this gives rT s (y) = p s (y) and for the receiver leg rT r (y) = p r (y)
where v(y) is the velocity value at the image point y.
3. Data shows an example of recordings at different stations from an earthquake located at depth about 3 km. The direct P and S wave arrivals and the P-to-P and S-to-S scattered (coda) waves are clearly visible. In this study we apply the GRT only to the vertical component P-P scattered waves, and data processing involves several steps. To reduce contamination from converted S wave energy we mute the waveform segment starting from the first S arrival; S-P scattering may contribute to the late coda of the P-arrival, but its effect on the GRT images is expected to be small because S-P waves have different move-outs and will be suppressed by stacking over P-P slowness. The highest effective frequency content of the seismic waveforms recorded by PASO network (at a sampling rate 0.01 s) is around 15 Hz, so we used a 1.5 -15 Hz pass band to filter the data. With Vp $ 5 -6 km/s near SAFOD, the smallest P-wave wavelength is then $300-400 m, which is close to the smallest scale resolved in our recent Vp model [Zhang et al., 2009] . Subsequently, the P-P waveforms are normalized with respect to the amplitude of the direct P wave. Finally, to prevent annihilation of data with opposite polarities, before stacking we check and align polarities using predictions from strike-slip faulting, the common focal mechanism of Parkfield earthquakes [Thurber et al., 2006] .
[11] We parameterized the image volume around SAFOD using a three-dimensional grid of imaging (or scattering) points y with a spacing of 200 m in all three directions. For each of these grid nodes, a travel-time table is calculatedusing a finite-difference scheme [Podvin and Lecomte, 1991] -for all source and receiver locations using the earthquake locations and the 3D Vp model due to Zhang et al. [2009] . Upon imaging, the travel time for a particular source-scatterer-receiver (that is, x s -y-x r ) path is calculated from these tables. The corresponding scattered seismic waveform amplitude is taken as an average of 5 samples before and after the calculated scattered P arrival time This allows the imaging of scatter zones (albeit at lower resolution) near the seismic sources; without weighting such signals would need to be muted because they have travel times close to those of the direct waves.
Results
[12] Tests with synthetic data computed for the same seismic source and station geometry as in the inversion of observed data indicate that GRT imaging can resolve structure within 3 km from SAFOD site (measured along strike of SAF), that is, Y = À3 to 3 km, and to a depth of 4 km (see auxiliary material; note that the SAFOD site is at X = 0 km, Y = 0 km). Artifacts (including ''smearing'') may appear because of the limitations of source and receiver geometry, but their amplitudes are small compared to the structures discussed here. Figure 3 shows the cross-sections of P-P scattering images at Y = 2, 1, 0, À1 and À2 km. For comparison, it also displays a result of steep-dip prestack depth migration from a controlled source reflection/refraction survey [Bleibinhaus et al., 2007] .
[13] The GRT images reveal a strong reflector (A) near X = 0 km at a location near the surface trace of the Buzzard Canyon Fault (BCF) [Bradbury et al., 2007] , and a series of near-vertical seismic reflectors are imaged on both sides of the seismic source region near X = 1.7 km (i.e., the SAF). There are also strong reflectors within the Salinian granite to the southwest of the SAF, similar to those found by Bleibinhaus et al. [2007] . Reflector B (at X $ À2 km) coincides with a fault that separates the Santa Margarita correspond to multiple intrusive cycles in the granite, as suggested by Bleibinhaus et al. [2007] . Such heterogeneity is also supported by tomographically inferred variations in propagation speed (Figure 1d ) and by variations in magnetic susceptibility variations observed in the SAFOD pilot hole [McPhee et al., 2004] . In addition, a group of relatively strong reflectors (denoted by C) is detected southwest of X = À6 km.
[14] A series of vertical structures appears to the northeast of the SAF, but they generally have lower amplitudes than those to the southwest and we cannot rule out that they are smearing artifacts. However, a strong reflector (D) is located at X = 8 km, some 1 -2 km northeast of the Table  Mountain Thrust (TMT, Figures 1a and 3) identified by Bradbury et al. [2007] . The Waltham Canyon Fault detected by Bleibinhaus et al. [2007] is on the edge of our model area and is not imaged very well. Both to the northwest (Y = 1 and 2) and southeast (Y = 0, À1, À2) of the SAFOD site several reflectors (including E) exist between reflectors A and D.
Discussion and Concluding Remarks
[15] The structures detected by GRT imaging with (micro)earthquake data are generally in good agreement with the results of pre-stack depth migration of data from a controlled-source reflection and refraction survey [Bleibinhaus et al., 2007] . The GRT images have lower spatial resolution, however, because the seismic waveforms used in passive seismic imaging have lower frequency content than data in controlled-source imaging. The effective frequency is further reduced (to about 5 Hz) by the 11-sample averaging of waveform data used to account for velocity model uncertainty.
[16] In contrast to the active-source migration of Bleibinhaus et al. [2007] our GRT does not resolve structure related to the SAF and Gold Hill Fault (GHF). This can be explained with the relationship between GRT image resolution and scatter angle : near-source scattering is often associated with large scattering angles, which yield low image resolution (see Auxiliary Material). However, the strong, broad reflector F, at X $ 2 km on section Y = À2 km (Figure 3 ) may correspond to the SAF. To the southeast of SAFOD, the Parkfield earthquakes start to shift southwestward from the main SAF trace and instead follow the Southwest Fracture Zone (Figure 1c ). This allows imaging the SAF, albeit with somewhat lower resolution than with controlled (active) source surveys.
[17] The group of reflectors (C) observed to the southwest of X = À6 km is located near the edge of the well resolved part of the 3D velocity model [Zhang et al., 2009] . Their locations may thus be biased, but they also appear in the migration image of Bleibinhaus et al. [2007] and are likely to be real. This structure may represent the steep sediment-granite contact.
[18] The image sections at Y = À1 and À2 km reveal more structure between reflectors A and D than sections further north. This difference is consistent with the local geology: southwest of Y = À1 km a complex sequence of rock units is exposed east of the SAF whereas further north a relatively uniform Franciscan formation is located east of the SAF (Figure 1a) . The imaged reflectors may not all indicate faults, but it is likely that they represent lateral contrasts in elasticity at depth. We note that these structures do not appear in the active source migration profiles (Figure 3) .
[19] In this study, the variations in dip angle of the reflectors in the GRT images are likely to be an artifact of the limited source-receiver distribution. Because of incomplete sampling of the subsurface, isochrones (that is, the impulse response of the imaging operator) for seismic sources and receivers around SAFOD can leave an imprint on the images. Indeed, clustering of seismic sources along a plane, as in this study, may be the worst case scenario for the GRT imaging; interpretation of changes in dip angle of seismic reflectors will be more meaningful in regions where the seismic sources are distributed more evenly and over a broader region.
[20] To study the shallow sub-surface near the SAFOD site with data from the PASO and HRSN arrays we adapted the generalized Radon transform as developed for the characterization of the core-mantle boundary with ScS and SKKS waves recorded at global networks [Wang et al., , 2008 van der Hilst et al., 2007] . From the encouraging agreement with results from active source migration and with known geological features we conclude that GRT with passive seismic source data is indeed able to detect faults and other elasticity contrasts on a local scale, provided that data from dense arrays is available. The sourcereceiver geometry exploited here is not ideal for GRT imaging, but as denser receiver arrays are being deployed around the world, such as the USArray component of EarthScope [Meltzer et al., 1999] , passive seismic imaging with methods such as the GRT used here could become routine practice for the mapping and characterization of fault zones.
